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DIMENSIONAL CHANGES OF SELECT CERAMIC MATERIALS EXPOSED
TO HCI, HNO3, AND H2SO4 ACID ENVIRONMENTS

By J. P. Bennett! and M. A. Maginnis!

ABSTRACT

The Bureau of Mines investigated the dimensional changes of ceramic
materials exposed to acid environments to evaluate construction materi-
als for emerging technology in chemical and wetallurgical processes.
Six commercial ceramic materials (two red shale, two fireclay, one sili-
ca, and one silicon carbide (SiC)) were exposed to Hp0, 20 and 30 wt pct
HC1, 40 and 60 wt pct HNOs, and 10 and 50 wt pct HpSO4 at temperatures
from 50° to 90° C for 300 days. Linear expansions ranged from a low of
-0.02 pct for the silica to a high of 0.45 pct for the red shale. A
general ranking of the volume expansion of the materials tested, (from
high to low), is as follows: high—porosity red shale A and fireclay
B >> low—porosity red shale B and fireclay A > silicon carbide and sili-
ca. A general ranking (largest to smallest) of the effect of exposure
environments is HCl > H,S04, HNOs > H,O0.

An autoclave test method was evaluated. Data obtained from 8- to 24-h
exposures were compared with data obtained from the 300-day exposures.
The relative expansion trends were similar, indicating that this method
could be used as an accelerated test.

Tceramic engineer, Tuscaloosa Research Center, Bureau of Mines, Tuscaloosa, AL.



INTRODUCTION

New mineral processing techniques being
investigated by the Bureau of Mines and
others, such as processing at elevated
temperatures and pressures, leaching with
acids and bases, chloride 1leaching, and
dissolution in fused—-salt baths, require
the use of construction materials that
have good corrosion resistance. One
example is the construction material
needed to 1line leaching vessels used in
the extraction of alumina from clay using
HCLl, HNOx, or HpS04. In the HCl extrac-

tion processes studied by the Bureau,
acid concentrations range from 1 to 35
pct (1)2 and temperatures from 50° to
900° C (2).

Industrial equipment designers, fab-
ricators, and material suppliers of acid

processing systems frequently base recom-—
mendations for construction materials to
be used in acid environments upon experi-
ence. Suppliers advise that materials be
tested in an environment simulating actu-
al conditions of the industrial process.
In general, suppliers only report that
their material would pass American Soci-
ety for Testing and Materials (ASTM) C279
(3) specifications, which  deal with
H,504.

Previous Bureau investigations into the
effect of various acids on ceramic mate-
rials (4-8) showed that certain physical
property changes occurred, one of which
was volume expansion. Inconsistencies in
data trends, however, indicated that a
closer examination of this phenomenon was
warranted. It was necessary to identify
a testing technique that would result in
accurate aund reproducible data.

Long—term studies (up to 20 yr) on the
moisture expansion of floor tile (0 to
8.4 pct porosity) were conducted by Slyh
and compared with autoclave treatment
of samples (9). Twenty to twenty-five

2ynderlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

expansion occurred

percent of the 20-yr
with 75 to 85 pct

in the first month,
occurring in 10 yr. Tile expansion after
a 20-yr outdoor atmosphere exposure was
the same as an l-h autoclave treatment at
200 psi and 195° C. Twenty-year expan-—
sions ranged from =0.001 pct for low-
porosity to a high of 0.057 pct for the
high—-porosity tile.

Actual expansion that occurs
tural clay under industrial
tions is normally less than
laboratory studies (10). Ritchie found
autoclaved bricks that were restrained
(50 psi load) produced 4 to 24 pct less
expansion than unrestrained samples.
Expansion, as small as 0.02 pct in build-
ing brick, has Dbeen shown to be
destructive (11-14).

Volume expansion, also known as irre-
versible growth or swelling, causes a
dimensional increase in acidproof brick
and 1s generally thought to be similar to
moisture expansion observed in structural
clay products. Linear expansion of up to
0.35 pct in acidproof brick has been
documented (15), but no published techni-
cal information or standard test exists
to measure expansion or the influence of
such factors as temperature, pressure,
load, or exposure environment. Expansion
of structural units in acid environments

in struc-
use condi-
predicted by

is a critical factor in vessel design.
Improper design or construction may
result in the brick face spalling, the
brick lining arching or buckling away

from the substrate, the impermeable mem-
brane rupturing or tearing, or the trans-
fer of damaging stress loads 1into the
substrate structure.

This report discusses the results on
volume expansion of two red shale, two
fireclay, a silica, and a SiC (clay
bonded) brick exposed for 300 days to
different temperature and acid concentra-
tions of HCl, HNO3, and H2SO4, as well as
short-term autoclave tests.



TE:T EQUIPMENT AND PROCEDURES

Chemical and physical properties of the

ceramic materials tested are 1listed in
table 1. Bulk density and percent appar-—
ent porosity were determined for each

test specimen before exposure, using ASTM
test C20-80 (16). The main chemical dif-

ference in the red shale and fireclay
samples 1is in their alkali, alkaline
earth, and iron oxide contents. Red

shale A and fireclay B have high apparent
porosity and low-bulk density compared to
red shale B and fireclay A.

The <¢calected ceramic materials were
exposed to various acid conditions in the
test apparatus (fig. 1), which operates
at temperatures up to 250° C. Heat was
supplied to the 12-L spherical Pyrex3
glassware reaction vessels by heating
mantels. The temperature was controlled
by means of a variable power source and

monitored in the reactor by a type K
thermocouple. A peristaltic pump was
3Reference to specific products does

used to withdraw, add, or circulate liq-
uid in the system. The bottom of the
vessel was filled with 6-mm Pyrex glass
beads to provide a 1level surface for
placement of the test samples.

Volume expansion of samples was moni-
tored in 100-day increments over a 300-
day time period. The exposure conditions
investigated are listed in table 2. Five
samples of the high— and low-porosity red
shale and fireclay, the silica, and the
SiC materials were exposed as groups to a
particular acid environment. Samples
were completely immersed in the test so-
lution, which was changed every 100 days
when the samples were measured. Samples
with 1-in diam by 1.5 in high were pre-
pared for length change monitoring by
diamond drilling 0.08-in-diam holes 1in
the center of the lI-in-diam surface to a
depth of 0.08 in. A bench micrometer
with 0.2 1in hardened steel ball attach-
ments (fig. 2) was used to measure length

changes to 0.000l in. The 0.2-in steel

not imply endorsement by the Bureau of ball was centered in the 0.08-in hole aund
Mines. the dimensional change was monitored.
TABLE 1. - Chemical and physical properties of commercial ceramic materials
Property Red shale Fireclay SiC Silica
A B A B

Chemical composition, wt pct:
S10%ceccsossssesscsssossscssocssoonsas 64.06 63.:3 59.4 68.6 9.6 98.4
Alo03ecccccsescscsssosvssooscccsacnanse 20.6 20.7 3L 2249 0.76 0.51
Fey0zececccscsssscososcscscssocsoonoanse 6.4 5.9 2.0 1.9 0.37 0.12
KoOseesooeoosososssosssesssensssnsscs 3.6 4.6 3.0 L.5 0.046 0.049
TiO2eeesoosscseossscsssssssensssnsses 1.6 1.6 lo7 1.4 0.11 0,05
MgOeeoeooooessocsoscssosssosssccscncsss 0.99 143 0.35 0.56 0.035 0.056
NajOeeeesoosocoaocccsssesscsssssssnans 0.58 0.57 0.27 0.27 0.017 0.53
Calcoecoococescsesscsscsssscscscssscnns 0.39 0.05 0.03 0.06 0.22 0.12
BaOeeoocesoososeososcesossorsssocnsnnns NA NA NA NA NA NA
Civeascsasossssassossssnssncsssossncss NA NA NA NA NA NA
Sessessscsessssascsscssscssscssssscns NA NA NA NA NA NA
S1Cevossassssnsenssscssssencannsonsss NA NA NA NA 87.9 NA
Apparent pPOroSityseccesscccescossePClae 10.86 3.26 5.66 11.6 10.89 11.91
Bulk densit¥svessenosesvsnsesens@fomiTes 2.39 2.56 | 2.38| 2.26 2.64 1.90
Cold crushing strength..ceeseeeecopsis. | 18,800 | 20,300 | 9,800 | 9,700 | 14,400 4,100

NA Not analyzed.
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FIGURE 1.—Construction detail of reaction vessel.

balls was

of smaller expansions observed

I-in-diameter by |.5-in specimen

in water,

adjusted for the lowest setting of 8 oz.
Samples similar to those used in 300-
day volume expansion tests were auto-
claved in a Teflon fluorocarbon polymer
lined autoclave to evaluate autoclaving
as an accelerated method of determining
linear expansion. Samples were exposed
to 20 wt pct HCl, 40 wt pct HNOz, and 50
wt pct H,S04 at 220 psi for 8 h. Because

longer exposure times (24 h) were used to
obtain measurable results. The tempera-
ture varied between 200° and 230° C for
the different acid exposures in order to
maintain a 220-psi exposure pressure.
Exposure conditions are summarized in
table 3. Samples were measured before
and after autoclaving wusing the bench
micrometer (fig. 2).

TABLE 2. — Acid conditions evaluated TABLE 3. — Acid conditions evaluated
during 300-day exposures, at three during autoclaving at 220-psig
temperatures, weight percent pressure

Acid 50° Cc| 70° C 90° C Acid Conc., | Temperature, | Time, h
L2 I——— NA 100 wt pct °C
BOlswowesas sunnnnm | Nk 20, 30 20 THoOewwsse| 10D 200 24
HNO3eeveeoovosonne 60 NA | 40, 60 HCleeooesoe 20 200 8
HpS04e000c0000eces NA NA | 10, 50 HNOzececo® 40 210 8
NA Not analyzed. HoSO4e0000 50 230 8

'Water data included for comparison.

TWater data included for comparison.



FIGURE 2.-Bench micrometer used to measure length changes.

RESULTS AND DISCUSSION

Linear expansion data of ceramic mate-
rials after 100- and 300-day exposure to
different acid environments are listed in
table 4. Regardless of the exposure
time, the high-porosity red shale A and
fireclay B materials had statistically
significant4 larger expansions than the
corresponding low—-porosity red shale B
and fireclay A materials. The highest
expansion data for each of the individual

materials tested occurred in 20 wt pct
HC1 at 90° C for 300 days, ranging from
0.45 pct for the high—porosity red shale

A to 0.08 pct for silica. All 300-day
expansions for the silica and SiC materi-
als were less than 0.09 pct.

When the temperature was raised
with reference to acid concentration (20

significant changes
at 95-pct-confidence

dstatistically
(Student's t-test)
intervals (17).

wt pct HCl or 60 wt pct HNOsz), the amount
of expansion increased. A continual in-
crease or leveling off of volume expan-
sion with time, over the 300-day period,
did not show a clear trend. Typical
examples are shown in figure 3, where the
slope of the linear expansion curves
indicate that dimensional changes may
still be increasing (20 wt pct HCl at
90° C) or have leveled off (60 wt pct
HNO3 at 90° C) by the 300th day. A trend
for expansion may emerge by testing for
longer time periods.

A general ranking of the volume expan-—
sion of the materials tested, from high
to low, is as follows: high-porosity red
shale A and fireclay B >> low—porosity
red shale B and fireclay A > SiC and
silica. A general ranking (largest to
smallest) of the effect of exposure envi-
ronments is HCl > H3S04 and HNOz > HyO0.



TABLE 4. — Linear expansion of ceramic materials after 100- and 300-day exposures, percent

Exposure condition Red shale A | Red shale B | Fireclay A | Fireclay B Silica Sic
100-day exposure:
90° C, Hp0ueeveceosococoscsscsssssss | 0.050+0.006 | 0.032+£0.005 | 0.018+0.005 | 0.049+0.017 9.025i0.022 0.015+0.011
70° C, 20 HCleeesssscossssccsssasass 045+ .010 .030+ 010 .021+ ,009 044+ 005 .028+ ,031 .020+ .007
90° C; 20 HCleseossvoosassconssnssose .080+ .012 .050+ ,014 041+ ,009 074+ .009 .050+ .005 .026+ .015
79° €, 30 HClewsavemisesssiomssessess .041+ ,001 .032+ .005 .025¢ .010 .037+ ,005 .032+ ,005 .009+ .013
90° C, 40 HNOzeevsossoscoosscscssnsnse .064+ .018 .034% .001 .018+ .005 .055+ ,008 1.025t .005 NA
50° C, 60 HNOzececoccsooasccscasssss 016+ .005 .007+ ,001 .009+ .005 .016+x .005 .009+ .013 NA
90° C, 60 HNOZecessoocsccsesesssonce .057+ .005 .039+ ,010 .030+ .004 .050+ ,010 .021+ ,017 NA
90° C, 10 HoS04ecesceecsccsoscssscssne 061+ .015 .045+ ,010 .028+ ,008 .065+ ,013 +021+ .023 1.OISt .013
90° C, 50 HpS04cecoscsccsscsasssccsnse .048+ .001 .034x ,009 .028+ ,001 .058t ,006 .027+ ,008 .009+ .011
300-day exposure: ‘ N i

90° C, HpOeeveosocenesconccnscscnane 123+ .029 .055+ .026 .022+ ,010 .099+ ,.033 : +011t 5039 .002+ ,048
70% €, 20 HClissssmnnosossonseseesss NA NA | .060+ .024 .109+ ,023 -.022+ ,054 .069+ ,020
90° €, 20 HClsiswesswsssnoossssandsvis 449t ,063 142+ ,052 .135+ .036 .359+ ,087 .076x .024 .087t .068
70° C; 30 HClississnamassnsinispinis NA NA .037+ ,018 .065+ .013 .049+ ,036 .042+ ,038
90° @G, 40 HNOguswesssanmanssnss caves .220+x .051 .098xr .016 1.065t .028 .207+ ,075 .071+ ,029 NA
50 G, 60 HNOguessswssenessisievsves .039+ .015 .027+ ,018 .006+ .033 .024% 014 .030+ .022 NA
90° C, 60 HNOzssesssssssasssscsssnse 151+ .020 .092+ ,025 064+ ,027 .135+ .024 .039+ ,043 NA
90° €y 10 Ho804e s ssesnmesswssenessas NA NA .050+ .032 184+ ,049 .045% 045 .052+ ,045
90° €5 50 H3804sswssssnaossepssessss NA NA | .058+ .018 .231% 044 .018+ ,028 .034t ,055
NA Not analyzed.

INot statistically significant; other data are statistically significant changes at 95-pct-confidence level (Stu-

dent's t-test).

NOTE.--Plus-minus (*) values are at 95-pct-confidence intervals.
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The results of accelerated

autoclave

volume expansion tests in different envi-

ronments is shown in table 5.

of the exposure condition, the
porosity red shale A and fireclay B sam-
ion than the cor-

ples had greater expans

responding low—porosity materials.

same trend was noted f

or 300-day

Regardless

high-

This
volume

expansion measurements, and is summarized
in table 6 for comparison.

Eight hours of autoclave

exposure to

50 wt pct H,S04 at 230° C resulted in the
the ceramic mate-
rials tested. The expansion ranged from
0.094 pct for the high-porosity red shale
silica. The ex-
pansion observed 1in the silica and SiC

most expansion for all

A to -0.002 pct for

materials was usually small or negative.
Samples autoclaved in water for 24 h had
expansions ranging from a high of 0.105
pct for the high-porosity red shale A to
a low of -0.029 pct for the silica brick.
As mentioned previously, samples were
autoclaved for 24 h in water because of
the small expansions produced in 8 h.
Compared to acid exposures of 8 h, water
exposures resulted in much smaller expan-—
sions. The relative expansion trends
between 300-day atmospheric exposures and
autoclaved samples were comparable, sug-
gesting autoclaving of samples as an
accelerated method for comparing volume
expansion of different ceramic materials
exposed to acid environments.

TABLE 5. - Linear expansion of ceramic materials after autoclaving at 220 psig,

under four exposure conditions, percent

Ceramic material H,0, 200° C | 20 wt pct HCl, | 40 wt pct HNOz, | 50 wt pct H,S0,4,

24 h 200° C, 8 h 210° C, 8 h 230° C, 8 h
Red shale Aceesseesss | 0.105%0.009 9.077t0.023 0.041+0.008 0.094+0,012
Red shale Beeeveooone 049+ ,004 .006x .030 017+ ,012 .032+ ,011
Fireclay Acecoesevens 023+ .014 | 1,013+ .026 L.008+ .017 061 ,017
Fireclay Beesvocesossos .103+ .010 i 054+ ,022 024+ 012 7 .088+ .013
SilicAsescsssacsssens | =029t .021 -.037% .048 -.019+ .0l6 -.002+ .007
S1Cssvonvinwsvsswsssss .059% ,040 -.064x .024 NA -.065+ ,018

NA Not analyzed.

'Not statistically significant; other

95-pct-confidence level (Student's t-test).

data are statistically significant changes

NOTE.--Plus—minus (%) values are at 95-pct confidence intervals.

TABLE 6. — Comparison of 300-day'! and autoclave? dimensional changes of ceramic
materials exposed to three different acid environments, percent

Ceramic material 20 wt pct HCIL 40 wt pct HNOs3 50 wt pct HpSO04
300-day | Autoclave | 300-day | Autoclave | 300-day [ Autoclave

Red shale Aceeeeevenneeee 0.449 0.077 0.220 0.041 NA 0.094
Red shale Beeeooeesvennns 142 .006 .098 .017 NA - .032
Fireclay Acessssosscassns .135 .013 .065 .008 0.058 .061
Fireclay Beecevesoosoossos .359 .054 .207 .024 .231 .088
SilicAcessecssesssesccsos .076 -.037 071 -.019 .018 -.002
S1Cewus sosvwnmyesnssessss .087 -.064 NA NA .034 -.065

NA Not analyzed.

]300—day exposure = atmospheric pressure, 90° C.

2Autoclave conditions
and H,S04 = 230° C.

= 8 h at 220 psi, temperature of HCl = 200° C, HNOsz = 210° C,



CONCLUSIONS

Volume expansion was evaluated on sam-
ples of two red shale, two fireclay, one
silica, and one silicon carbide ceramic
material exposed to water and acid con-
ditions using a long—term and an accel-
erated test. Results indicated the
following:

1. A general ranking of the volume
expansion of materials tested at atmo-—
spheric pressure, from largest to small-
est expansion, is high—-porosity red shale
A and fireclay B >> 1low porosity red

atmospheric exposure, from largest to
smallest, is HC1l > H,S04, HNOz > H,O.

3. Increasing the temperature at a
given acid concentration resulted in an
increase in volume expansion during 300-
day atmospheric exposures, while changing
acid concentration at a given temperature
followed no specific trend.

4. The relative expansion trends
between 300-day atmospheric exposures and
autoclaved samples were comparable, sug-

shale B and fireclay A > SiC and silica. gesting autoclaving of samples as an
accelerated method for comparing volume
2. A general ranking of the effect of expansion of different ceramic materials
acid environments on expansion during exposed to acid environments.
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